Objective: Soluble CD40 ligand (sCD40L) has been suggested as a key mediator between inflammation and atherosclerosis, and the CD40-CD40L interaction has a role in atherosclerotic lesion progression. We evaluated if platelet released serum sCD40L and sCD40 levels differ between patients with early onset occlusive carotid artery disease and age-matched controls. Methods: sCD40L and sCD40 levels were measured in serum samples of 60 patients with occlusive carotid artery disease and 30 age-matched controls using ELISA. Degree of stenosis of the internal carotid artery (ICA), and intima-media thickness (IMT) in the common carotid artery were measured by high resolution ultrasound. Values are given as mean ± SD. Results: Mean age was 50.9 ± 3.5 and 50.1 ± 3.5 years in the patient and control groups. IMT was significantly thicker in patients than in controls (0.89 ± 0.14 vs. 0.78 ± 0.12 mm, p = 0.0003). Serum levels of sCD40L were significantly higher (6.9 ± 5 vs. 4.5 ± 3.0 ng/mL, p = 0.038) in patients, whereas sCD40 did not differ significantly between patients and controls (85 ± 56.9 vs. 79.3 ± 18.7 pg/mL, p = 0.34). IMT did not correlate with sCD40L or sCD40 levels (R = −0.03, p = 0.77; and R = 0.109, p = 0.308, respectively). Conclusions: sCD40L but not sCD40 levels are significantly higher in patients with occlusive carotid artery disease. Platelet derived sCD40L may be a key mediator among inflammation, thrombosis and atherosclerosis.
Introduction
CD40 ligand (CD40L), a trimeric transmembrane protein of the tumor necrosis factor (TNF) family, was originally identified on the surface of activated CD4+ helper T cells [1] . In recent years, CD40L has emerged 1 The first two authors contributed equally to these studies. as a pleiotropic mediator of immune and inflammatory processes [2] . Out of these are the induction of adhesion molecule expression on endothelial cells (e.g. Eselectin, VCAM-1) and platelet activation causing local inflammation of the vessel wall which consequently leads to atherosclerosis [3, 4] . Recent work has demonstrated that the CD40L-CD40 signaling is critical in the pathogenesis of atherosclerosis [5] .
Henn and coworkers [6] showed that CD40L and its receptor CD40 exist in platelets. CD40L is cryptic in unstimulated platelets but rapidly presented to the surface after stimulation. The surface-expressed CD40L is then cleaved from the platelet subsequently generating a soluble fragment (soluble CD40 ligand or sCD40L). Both membrane-associated and sCD40L may induce procoagulant activity [7] . It is estimated that most of the circulating sCD40L is derived from platelets [8] .
Recent studies found increased levels of sCD40L in patients with acute coronary syndromes [9] , with acute cerebral ischemia [10] and with peripheral arterial occlusive disease [11] . Moreover, upregulation of the CD40/CD40L dyad was found in cardiovascular risk factors, in diabetes mellitus [12] , in hypercholesterolemia [13] and in smoking status [14] . Elevated levels of sCD40L were found to serve as a risk factor for future cardiovascular events in healthy women [15] .
In our previous studies we found higher white blood cell count (WBC), C-reactive protein (CRP) and fibrinogen levels in patients with early onset occlusive carotid artery disease suggesting the role of inflammation [16] . In the present study we evaluated whether serum sCD40L and sCD40 levels differ between patients with occlusive carotid artery disease and agematched controls. Age is the primary risk factor for carotid artery disease [17] and examining an elderly patient group may mask the effects of risk factors for early atherosclerosis. Therefore for the present study we selected subjects with occlusive carotid artery disease below 60 years of age.
Intima-media thickness (IMT) measured by B-mode ultrasound in the common carotid arteries (CCA) is a sensitive marker of atherosclerosis [18] and prospective studies have shown that increased IMT of the CCA is a powerful predictor of coronary and cerebrovascular complications [19] . IMT was linearly related to the total number of cardiovascular risk factors [20] and increased CCA IMT was found with elevated CRP levels [21] . For these reasons we evaluated the relationship between the sCD40L level and CCA IMT measured by B-mode Doppler in young and middle aged subjects.
Methods

Patient population
Patients were recruited at the Neurosonological Laboratory of the Department of Neurology, University of Debrecen. Patients below 60 years of age and with an at least 30% internal carotid artery (ICA) stenosis or occlusion at screening were invited to participate in the study. An age-and gender matched control group was recruited who had no plaques or stenosis of the carotid arteries by duplex examination. Most of these controls were treated primarily for tension-type headache or anxiety disorder. Subjects with infections, malignancies and autoimmune diseases were excluded. Further exclusion criteria were surgery and stroke within the previous 6 months. After getting information about the purpose of the study the participants signed a consent form before blood sampling and ultrasound examination. The study was approved by the Ethical Committee of the University of Debrecen.
Analysis of blood samples
After completing a risk factor questionnaire fasting blood samples were taken between 7.30 and 8.00 in the morning. Blood samples were kept at room temperature, while samples for homocysteine evaluation were kept on ice and analysis started no later than 90 minutes after blood sampling. Analysis of blood samples was performed by standard laboratory techniques. Homocysteine was determined by the Abbott Axsym system (Abbott Laboratories, Abbott Park, IL, USA) using fluorescence polarization immunoassay. Serum lipids were measured on the Cobas Integra 700 Analyser (Roche, Basel, Switzerland). For measuring of serum sCD40L and sCD40 levels blood was allowed to clot for 90-120 minutes at room temperature before centrifugation for 20 minutes at 4
• C at 3000 rpm. The supernatant was stored at −80
• C until analysis. Serum sCD40L and sCD40 levels were measured using ELISA kits of Bender MedSystems (Bender MedSystems, Vienna, Austria). The detection limits of sCD40 and sCD40L defined as the analyte concentration resulting in an absorption significantly higher than that of the dilution medium (mean+3SD) were 12 pg/mL and 0.095 ng/mL, respectively. Duplicate samples were measured and the mean of the two values was used for further calculation.
Carotid duplex ultrasound investigations
Ultrasound examinations were performed immediately after blood sampling using a color-coded HP SONOS 4500 (Hewlett Packard, Andover, Mass., USA) carotid duplex equipment with a 7.5 MHz linear transducer. Both diameter and area reductions were measured according to the European Carotid Surgery Trial (ECST) method [22] . For screening, the ICA stenosis was classified in categories of 10% taking into account the peak systolic velocity in the jet of the stenosis, the broadening of the stenotic and poststenotic spec- trum, the peak systolic velocity in the poststenotic ICA, and the direction of ophthalmic flow. Occlusion was diagnosed in the complete absence of detectable flow in and above the stenosis and the presence of corresponding indirect hemodynamic criteria [23] .
The ultrasound examinations were videotaped. Offline analysis of CCA IMT was made by an independent reader, blinded to the characteristics of study subjects, on video images based on the Atherosclerosis Risk in Communities (ARIC) study protocol [24] . The IMT was measured in the far wall of the right and left CCA-s on the 1-cm segment proximal to the dilatation of the carotid bulb. In each of this 1-cm segment, 11 measurements of IMT were performed at 1-mm increment. The mean IMT of the 22 values in each patient was calculated.
Statistical methods
Normality of continuous variables was checked by the Shapiro-Wilk test. The Mann-Whitney U-test, the Kruskal-Wallis ANOVA and Spearman correlation were used. Frequencies were compared by the Pearson chi-square test. As both continuous and categorical predictors of sCD40L, sCD40 and IMT were assumed; a general linear model was used to identify correlates of sCD40L or IMT values. To build the model, first univariate Spearman correlations were calculated for sCD40L, sCD40 or IMT. Those continuous variables that were found to correlate with sCD40L or IMT values were entered into the general regression model as continuous variables. Categorical predictors that were found to be significant predictors of sCD40L or IMT values in univariate analyses by the Mann-Whitney test (smoking or hypertensive status) were entered in the final model. Two-sided p-values were used. Statistical significance was assumed when p < 0.05. Statistica for Windows v.6.1 (StatSoft, Tulsa, OK) was used for data analysis.
Results
Characteristics of study groups
Sixty patients (16 with internal carotid artery occlusion and 44 with > 30% carotid artery stenosis) and 30 age-matched controls were investigated. The characteristics of the patient and control groups are given in Table 1 . The mean age in the total study population was 50.7 ± 3.5 years (mean ± SD, range 42-58 years) with no difference between the groups (p = 0.423). Gender distribution was similar in the control and patient groups (p = 0.3668). There was no difference in the presence of diabetes (p = 0.3434), hyperlipidemia (p = 0.0512), heart diseases (p = 0.3119), and the family history of cerebrovascular diseases (p = 0.5408) between the patient group and controls. Hypertension was more prevalent in patients with occlusive carotid artery disease than in the controls (p = 0.0037). More of the patients were smokers (p = 0.0003). Ischemic stroke or TIA was more prevalent in patients than in controls (p < 0.0001). In the patient group 40 subjects were treated with antiplatelet agents (36 took aspirin, 2 clopidogrel and 2 ticlopidin) while in control group only 5 subjects received antiplatelet treatment (2 aspirin, 1 clopidogrel and 2 ticlopidin) (p < 0.0001).
Time-dependent release of CD40L and CD40
We measured the time-dependent release of CD40L and CD40 on 6 healthy subjects' samples at room temperature. Soluble CD40L was close to zero in the serum in the first 15 minutes after blood sampling, then the re- Fig. 1 . Serum levels of sCD40L at different time points up till 7 hours after blood sampling in 6 healthy subjects. Fig. 2 . Serum levels of sCD40 at different time points up till 7 hours after blood sampling in 6 healthy subjects.
lease increased until 90 minutes and reached a plateau between 90 and 120 minutes (Fig. 1) . In contrast to sCD40L the sCD40 concentration decreased with the time until 30 minutes and values were stable between 30 and 120 minutes (Fig. 2) .
Comparison of laboratory parameters and common carotid artery IMT between the groups
No difference was found in platelet, in red blood cell (RBC) count, in hematocrit and in lipid parameters including lipoprotein(a) levels between patients and controls. Levels of inflammatory markers as white blood cell (WBC) count (p = 0.0002), fibrinogen (p = 0.0002) and CRP (p = 0.0154) were higher in patients with occlusive carotid artery disease. Plasma homocysteine levels were also higher in patients than in controls (p = 0.021) ( Table 2) .
Serum levels of sCD40L were significantly higher (6.9 ± 5 vs. 4.5 ± 3.0 ng/mL, p = 0.038) in patients, whereas serum levels of sCD40 did not differ significantly between patients and controls (85 ± 56.9 vs. 79.3 ± 18.7 pg/mL, p = 0.34). As an early marker of atherosclerosis, common carotid artery IMT was significantly thicker in patients with occlusive carotid artery disease than in controls (p = 0.0003) ( Table 2) . Because more patients than controls were smokers and hypertensives, and more patients than controls had ischemic stroke or TIA in the case history further analyses were done. In the whole study group no difference was found in sCD40L levels and in IMT between genders, between smokers and nonsmokers, between hypertensive and normotensive subjects,between subjects with stroke and subjects without stroke in their case history, between subjects with and without antiplatelet treatment (data not shown).
Correlates of sCD40L values
In the next step of the analysis all subjects were pooled and we searched for correlates of sCD40L and IMT values in two steps. First, univariate Spearman correlation coefficients were calculated between possible predictors and the sCD40L and sCD40 values (Table 3 ). In the next step we performed a multivariate analysis for sCD40L values using a general linear model (general regression model) where actually measured WBC, platelet, fibrinogen, CRP and homocysteine values were used as continuous predictors, and smoking status, a factor known to have an effect on atherosclerosis, as categorical factor (Table 4) . From Table 4 Results of multivariate analysis (GLM, general regression model) on the effects of possible predictors of sCD40L the univariate analysis it can be seen that without controlling for other factors, platelet count had significant association with sCD40L values (Table 3) . Although sCD40L levels correlated with platelet counts (R = 0.29, p = 0.005), in multivariate testing the difference in sCD40L levels between patients and controls remained significant (p = 0.003) after controlling for the effect of platelet count, WBC, CRP and fibrinogen levels. General regression analysis revealed that platelet count and fibrinogen had strong effects on sCD40L, even after controlling for WBC, CRP, homocysteine and smoking status (Table 4) .
Correlates of CCA IMT values
Actually measured white blood cell (WBC) count and homocysteine level significantly associated with common carotid artery IMT values (Table 3 ). In multivariate testing WBC count remained in significant association with IMT (multiple R = 0.35, multiple R 2 = 0.125, p = 0.003) even after controlling for the effect of the categorical predictors (gender, hypertensive status, stroke in case history) which were on the border of statistical significance in univariate Mann-Whitney testing (multiple R = 0.44, multiple R2=0.19, p = 0.041). CCA IMT, an early marker of atherosclerosis, did not correlate with sCD40L or sCD40 levels (R = −0.03, p = 0.77; and R = 0.109, p = 0.308, respectively).
Discussion
CD40-CD40L system and inflammation/atherosclerosis
In recent years the role of inflammation in atherosclerosis has been emphasized [25] . Activation of the CD40-CD40L axis was shown to occur in chronic inflammatory diseases such as autoimmune disorders [26] , in atherosclerosis [27] or in cancer [28] . Another study has supported the role of CD40-CD40L interactions in atherosclerosis, thrombosis and inflammation [29] . The CD40-CD40L axis upregulates proinflammatory mediators, such as the expression of adhesion molecules (ICAM-1, VCAM-1) and synthesis of proinflammatory cytokines (TNF-α, IL-6), enhances the production of matrix-metalloproteinases and chemokines (MCP-1) [2] . All of these mediators induce a potent inflammatory reaction of the vascular endothelial cells to provoke atherosclerosis [6] .
Platelets and inflammation/atherosclerosis
Platelets are important factors of inflammation as well as hemostasis. They possess adhesion molecules, which facilitate interactions with neutrophils, monocytes and endothelial cells, and can activate these cells through direct contact or through the release of soluble mediators. Platelets express the transmembrane signaling protein CD40L within seconds of activation, and after platelets activation, a soluble form of CD40L is also released [6] . Both membrane-bound and sCD40L may have biological effect on a number of cell types [6] and exhibit procoagulant activity [7] . Furthermore, sCD40L binding to platelet CD40 leads to further cleavage of membrane-bound CD40L and release of sCD40L [6] . These suggest an important pathophysiological role of platelets in triggering not only thrombosis, but also vascular inflammation.
In our study we measured maximal platelet-derived sCD40L levels. Initially, we tried to use plasma samples for the sCD40L measurements. However, as suggested by the manufacturer this could not be done reliably [30] , and we could not measure sCD40L in either frozen or fresh plasma samples [31] . This might have two reasons. First, the method itself is not suitable for plasma samples [30] . Second, there is indeed no measurable baseline levels of sCD40L in plasma, and whatever sCD40L concentration is measured, it is released to the plasma or serum after platelet activation. Semb et al. [32] reported that sCD40L was nearly undetectable in healthy controls, and even those studies that reported some measurable amount, there was a tenfold difference in control values between studies (0.37 ± 0.21 ng/mL -3.4 ± 1.6 ng/mL, [10, 14] ). To check for a possible reason of these differences we measured the time-dependent release of CD40L and CD40 on 6 healthy subjects. Sampling methods are known to af-fect the results of sCD40L assays [33] . Although most probably sCD40L values measured from platelet-free plasma samples approximate best the in vivo levels of sCD40L, it can not be excluded that the procedure of blood sampling itself activates platelets thus results in higher sCD40L levels even in these samples compared to the circulating in vivo levels. Because of this uncertainty and as we could not measure any sCD40L level in the plasma samples, we decided that instead of trying to evaluate in vivo circulating levels of sCD40L, we repeat the study and measure the total amount of releasable sCD40L. Therefore we allowed non-citrated blood samples to clot for 90-120 minutes, and serum samples were used for sCD40L assay.
We found significantly elevated sCD40L levels in patients with early onset occlusive carotid artery disease. Although sCD40L levels correlated with platelet count, this difference in sCD40L levels between patients and controls remained significant after controlling for platelet count. In recent studies increased levels of sCD40L were observed in acute coronary syndromes [9] , acute cerebral ischemia [10] and peripheral arterial occlusive disease [11] . To our knowledge, this is the first time to examine sCD40L levels in patients with early onset of carotid atherosclerosis. We found that sCD40L significantly correlated with platelet count and fibrinogen, after controlling for other factors (Table 4) . Since platelet count did not differ significantly between the patients and controls (p = 0.638) ( Table 2 ) and as the sCD40L difference between patients and controls remained significant after controlling for platelet count, it seems that patients with occlusive carotid artery disease have a chronic inflammation state with elevated inflammatory markers, and activated platelets may release larger amounts of sCD40L. Although we did not measure platelet activation directly, as most of the sCD40L is derived from platelets [8] , our findings suggest that chronic platelet activation and platelet derived sCD40L may be the linkage between inflammation and the early onset of atherosclerosis.
